ABSTRACT. Basic knowledge of the abundance and distribution of birds and their habitats and the relationships between them is limited for many parts of Arctic Canada, including montane regions. This information is important for conservation purposes as bird populations and habitats shift and as interest in development of northern areas increases. We characterized bird communities in the Mackenzie Mountains of the Northwest Territories by conducting point counts (n = 376) in June 2009 and 2010 and using community analysis metrics (multiple response permutation procedures, indicator species analysis, non-metric multidimensional scaling) to statistically and graphically describe bird data in six habitat types: coniferous forest, deciduous forest, shrub (short and tall), alpine tundra, and open water wetlands. Distinct habitats had significantly different bird communities, as shown by using multiple response permutation procedures (p < 0.005). Of 51 species, 32 had significant (p < 0.05) indicator values for one habitat type (n = 15) or groups of habitats (n = 17) in an indicator species analysis. The tall shrub habitat type had the most indicator species (six species) followed by alpine tundra (five species), then the combined conifer, deciduous, and wetland habitat group (four species) and the deciduous forest habitat types (three species). Species richness was highest in the tall shrub (n = 37), alpine (n = 30), and conifer and short shrub (n = 29) habitats. We also observed eight bird species not previously known to occur in the area, or which were outside published ranges. Our results highlight the variability in bird community composition between the major habitat types in the Mackenzie Mountains, serve as a baseline for future bird studies in the region, and underscore the need for more research in the area with impending anthropogenic changes. . L'habitat des grands arbustes comptait le plus grand nombre d'espèces indicatrices (six espèces), suivi de la toundra alpine (cinq espèces), puis du groupe composé de la forêt de conifères, de la forêt de feuillus et des terres humides (quatre espèces), et de la forêt de feuillus (trois espèces). La richesse des espèces était plus grande dans les habitats des grands arbustes (n = 37), de la toundra alpine (n = 30) et des conifères et petits arbustes (n = 29). Nous avons également observé huit espèces d'oiseaux qui n'avaient jamais été répertoriées dans la région ou qui se trouvaient en dehors de leur parcours naturel. Nos résultats mettent en évidence la variabilité de la composition des communautés d'oiseaux dans les principaux types d'habitats des monts Mackenzie. Ils serviront également de référence aux autres études d'oiseaux qui seront effectuées dans la région, et font ressortir la nécessité de faire d'autres recherches dans la région à la lumière des changements anthropiques imminents.
INTRODUCTION
Compared to other parts of the world, northern Canada is sparsely populated, has limited human activity, and features large tracts of undisturbed wildlife habitat. However, high resource potential (Gal and Pyle, 2012; Ozyer, 2012) has led to increased interest in exploration and development in the region, causing greater environmental pressures. Alpine and Arctic areas are also expected to undergo significant changes in coming decades as a result of climate change (Liang and Kershaw, 1995; ESTR Secretariat, 2011) . These changes are likely to include altered vegetation composition (Lantz et al., 2013) and plant phenology (Ernakovich et al., 2014) , which could cause mismatches in the timing between prey emergence and critical periods in the breeding season (McKinnon et al., 2012) . These impacts may lead to cascading effects on wildlife and their habitats (Hinzman et al., 2005; Grabowski et al., 2013; Virkkala and Lehikoinen, 2014) .
The impacts of anthropogenically induced changes to natural ecosystems and the intensification of human activities (e.g., forestry) have led to declines of many species across North America (NABCI Canada, 2012) . Northern ecosystems, including the Mackenzie Mountains, with only minor anthropogenic disturbance, represent a unique and valuable opportunity to assess baseline wildlife relationships, which is crucial to implementing sustainable, ecosystem-based planning (Niemi et al., 1998) . Knowledge of bird-habitat associations can also be used to inform bird monitoring programs and to model species distributions. This knowledge is important for predicting how future environmental changes may affect wildlife, and it can provide important information for mitigating impacts from proposed developments.
Birds are important components of northern ecozones and are considered good indicators of environmental change because the responses of many species to disturbance, changes in habitat and prey, and fluctuations in climate are well known (Canterbury et al., 2000) . Bird research and monitoring have been limited in the Mackenzie Mountains, a region along the Northwest Territories and Yukon border. Prior to this study, the only major published ornithological work for the region was based on research conducted in the Yukon in 1944 (Rand, 1946) . However, some bird surveys and research associated with environmental assessments for proposed developments have focused on game birds (e.g., AMAX Inc., 1983) or raptors (Barichello, 1983) or on Nahanni National Park Reserve to the south (Scotter et al., 1985) . Additionally, many of the bird species that occur in northern Canada are poorly covered by the continental Breeding Bird Survey (BBS; Dunn et al., 2005) , the primary dataset used to estimate population trends and sizes (NABCI Canada, 2012) .
The objectives of this study were to determine abundance (at the point-count scale), species richness, composition, and variation of bird communities in available habitats in the remote Mackenzie Mountains of the Northwest Territories. This information allows for comparison with available information from boreal forest and cordilleran areas south of the Mackenzie Mountains (e.g., northern Rocky Mountains). With a high diversity in vegetation composition and structure and other biotic and abiotic characteristics in the northern Mackenzie Mountains, we predicted that bird communities would exhibit considerable variation between habitat types. We also expected that habitat types with greater structural heterogeneity, such as treed and wetland habitats, would have more indicator species and higher richness than more uniform habitats, such as alpine and short shrub.
METHODS

Study Area
The study area, approximately 58 000 km 2 , lies in the Mackenzie Mountains within the Taiga Cordillera ecozone (Fig. 1) . The Mackenzie Mountains are a northern extension of the eastern Rocky Mountains and are considered part of the boreal forest biome (Brandt, 2009 ). The ecozone is characterized by broad river valleys, low-relief plains, plateaus and foothills from 300 m to 1000 m above sea level (asl), and high-elevation plateaus, peaks, and long ridges over 1500 m asl (Ecosystem Classification Group, 2010) . Mean annual temperatures are −7˚C with mean winter temperatures in January and February of −30˚C and mean summer temperatures of 16˚C (Ecosystem Classification Group, 2010) . The Mackenzie Mountains are located in the precipitation shadow of the Selwyn Mountain range to the west, and precipitation decreases with increasing latitude and altitude. More precipitation occurs near the Yukon-Northwest Territories border than farther east, ranging from 280 to 350 mm annually, mostly in the summer months (May -September). Part of the region was covered by ice sheets during the most recent glaciation (19 000 to 24 000 years ago); however, some areas have remained ice-free for the last 250 000 years (Ecosystem Classification Group, 2010) .
High variability in elevation, slope, aspect, climate, and other abiotic factors results in diverse vegetation communities and habitat structure (Canadian Wildlife Service, 2009) . River valleys at lower elevations typically contain closed-canopy conifer, mixedwood, or deciduous forests typical of boreal regions and are dominated by black spruce (Picea mariana), paper birch (Betula papyrifera), or trembling aspen (Populous tremuloides). Black spruce forests also occur on poorly drained organic and mineral soils that are usually underlain by permafrost (Ecosystem Classification Group, 2010) . �ow elevation, south-facing slopes away from river valleys are characterized by mostly opencanopy black spruce. The timberline is low, leaving many upper slopes bare or with little vegetation. The plant communities found on low-relief, high-elevation plateaus are typically dominated by graminoid vegetation, resembling communities found in the low Arctic tundra. The remoteness of the Mackenzie Mountains has limited human activity to some mineral exploration and development, a few subsistence and sport hunting camps, and remnants of a WW II-era road known as the CANOL (Fig. 1) .
Bird Surveys
Prior to field surveys, we used the Canadian Forest Service's Earth Observation for the Sustainable Development of Forests digital land classification (EOSD; Wood et al., 2002 ; 25 m pixel resolution) to identify habitat types in the study area and determine the proportional abundance of each type to allocate sampling effort. Bird surveys were completed as part of an assessment of a proposed protected area, and survey sites were limited to those within the proposed boundary. We used a random generator in ArcGIS 10 (ESRI, 2011) to select sampling sites on the basis of habitat type. Sampled habitats included coniferous forest, deciduous forest, shrub (short and tall), alpine tundra, and openwater wetlands (with adjacent treed uplands).
Breeding bird surveys were conducted from 15 to 26 June 2009 and from 11 to 29 June 2010. Because this remote study area had no roads, we accessed survey locations by helicopter. Sampling locations were at least 150 m from the helicopter landing site, and observers waited at least 10 minutes between the drop-off and the start of a point-count to allow birds to resume their normal behaviours (e.g., singing, foraging). Surveys were performed only in favourable weather (e.g., no precipitation, winds ≤ 3 Beaufort scale) and typically started at local sunrise and stopped five hours later. Birds were surveyed using a point-count technique: all birds within a 10-minute time period were recorded (Ralph et al., 1993) as heard, or seen but not heard. Three point-count stations, representing a survey grid, were situated within a homogenous habitat type and placed at least 300 m apart to avoid double-sampling of birds (Matsuoka et al., 2012) . Locations of point-count stations within a grid were selected to effectively survey the habitat type (e.g., linearly along ridges or open water, or in triangles in larger homogeneous habitats). Point-count stations were located a minimum of 100 m from the habitat edge, where possible, except in wetlands, where point-count stations were situated within 10 m of open water.
To increase sample size and because skilled observers were not available during both years of the study, 120 pointcount stations were recorded using omni-directional Earthsong Series E3 Biomonitoring System CZM microphones (Riverforks Research Corp.; Hobson et al., 2002) , and the recordings were later transcribed. Comparisons between point-counts conducted in the field and recordings of the same point counts typically result in similar estimates of abundance for birds (Hobson et al., 2002; Campbell and Francis, 2011) ; therefore, data were pooled for analysis. All birds detected during point-counts were noted regardless of their perceived distance from the observer or microphone because observer estimates of distances to vocalizing birds from recordings and in the field are typically inaccurate (Alldredge et al., 2007) . Field observers alternated between habitat types and observation times to reduce confounding of observer, habitat, and temporal effects.
Habitat Classification
Habitat within a 100 m radius of each point-count station was classified into one of six habitat types by visually estimating vegetation structure and composition. Percent composition of tree species (> 3 m tall), tree cover, average height of shrubs, dominant ground cover (herb, barren, bryoid, ice) and aquatic characteristics (open water, aquatic vegetation) were estimated. Point-count stations containing 70% or higher coniferous tree species composition (i.e., black spruce) covering 10% or more of the 100 m radius were classified as conifer habitats (Table 1 ). Stations containing 30% to 100% deciduous tree species (e.g., trembling aspen, paper birch) composition covering 10% or more of the 100 m radius were classified as deciduous habitat. Pointcount stations with shrubs at least 1 m or higher and covering more than 15% were classified as tall shrub habitats, and stations with shrubs under 1 m tall covering more than 15% were classified as short shrub habitats. Stations with bryophyte or bare ground covering 85% or more of the 100 m radius, with less than 15% shrub cover and less than 10% tree cover, were classified as alpine tundra habitats. Point-count stations were classified as wetland if they were adjacent to shores of open water wetlands. Wetland classes all had coniferous forest in the upland, and point-counts were completed within 15 m of the water's edge. All forested habitats were estimated to be more than 50 years old, and early successional habitats (e.g., burned areas) were not sampled during this study. 
Data Analysis
Prior to analysis, bird abundance data at the pointcount level were square-root transformed to control for the influence of abundant species in the analyses (McCune and Grace, 2002) . Individuals detected by sight only (i.e., no auditory detection) flying over the point-count station (assumed not breeding within the target habitat), species not surveyed well using point-counts, and species detected fewer than three times or at fewer than three stations were excluded from subsequent analyses. All analyses were conducted using point-count level data to account for heterogeneity in habitats surveyed in a survey grid. To test for potential differences in bird community composition between habitat groups, we used a multiple response permutation procedure (MRPP). Data do not have to meet the assumption of normal distributions making MRPP a robust analytical method for community data. MRPP produces a measure of the degree of separation between groups (T) and a measure of within-group agreement (A) (McCune and Grace, 2002) . MRPP was conducted using the Euclidean distance measure with the vegan package (Oksanen et al., 2013) in program R (R Development Core Team, 2013).
We used non-metric multidimensional scaling (NMS) to provide a graphical depiction of the relationship among bird communities in the surveyed habitat types. NMS is a robust ordination technique that performs well with non-normal datasets and uses rank order correlations instead of requiring linear relationships among variables. NMS analysis was conducted using the Euclidean distance measure in PC Ord 5 (McCune and Grace, 2002) with a random starting configuration and 900 runs of the data. �esulting ordination plots assisted with visual interpretation of the MRPP results by displaying the association of species with habitat types and gradients (McCune and Grace, 2002) .
Indicator species analysis (ISA) was used to determine the abundance and frequency of occurrence of each bird species in each habitat (Dufrêne and Legendre, 1997) , and groups of habitats (De Cáceres and Legendre, 2009) . ISA is a non-parametric statistical method that calculates an indicator value by multiplying the abundance of each species in a particular group by the relative frequency of the species occurrence in the sample of each group (Dufrêne and �egendre, 1997; McCune and Grace, 2002) . The significance of indicator values is evaluated using a Monte Carlo randomization procedure, in which samples are reassigned and recalculated and used to estimate the probability of the values occurring by chance (McCune and Grace, 2002) . Indicator values range from 0 to 100, and a maximum indicator value (i.e., 100) is obtained when a species is unique to a group (i.e., habitat) and is found in all samples of that group. ISA analysis was performed using indicspecies version 1.7.0 (De Cáceres and Legendre, 2009) in Program R (R Core Development Team, 2013).
We calculated bird community richness from individualbased species rarefaction curves, which use the repeated re-sampling of individuals from the dataset rather than sites (Gotelli and Colwell, 2001) . This method provides the expected number of species drawn randomly from the sample, but does not "replace" individuals already sampled. We produced rarefaction estimates using the package vegan (Oksanen et al., 2013) in program R (R Core Development Team, 2013). Sufficient sampling for each group is attained once a curve reaches an asymptote.
RESULTS
A total of 3291 birds from 85 species were detected over the two years of surveys at 376 point-count stations. After removing species with fewer than three observations, species not reliably censused using point-count methods (e.g., raptors), and those flying over the point-count area, we had 3048 individual birds from 51 species to include in the analyses. The M�PP of all habitats was significant (p < 0.005), indicating that our a priori selection of habitat types would be useful for further analyses of species and communities (T = −78.90, A = 0.11). Pair-wise comparisons of habitats using M�PP were also statistically significant (all p-values at least < 0.01).
The NMS ordination results showed considerable separation in species composition between most habitat types in the two-dimensional solution (Fig. 2) . Stress of the final solution was 14.1, which is a satisfactory level for community data (McCune and Grace, 2002) . Stability of the final solution was assessed by plotting stress versus iteration (McCune and Grace, 2002) . The number of iterations to achieve the final solution was 500, and final instability was 0.0346. We used a varimax rotation, which optimizes visualization of clusters of species and habitats (Mather, 1976) . The first two axes of the �MS accounted for 69% of the data matrix (Axis 1 = 15%, Axis 2 = 54%). The ordination indicated that bird communities associated with treed habitats were aligned along Axis 1 generally from conifer (left) to wetland (center) to deciduous (right) and Axis 2 represented a gradient from high (bottom) to low (top) shrub density. There is considerable overlap in treed habitats (conifer, deciduous, and wetland) and greater divergence between treed, shrub, and alpine habitats. Alpine habitats contained the most unique bird community, which overlapped the least with other habitat types. Species codes used in the NMS ordination are listed in Table 2 . From the indicator species analysis, a total of 32 species had significant indicator values for one (n = 15) or more (n = 17) habitats (Table 2 ). Tall shrub habitat had the most indicator species (n = 6) associated with it, including Willow Ptarmigan (Lagopus lagopus), Gray-cheeked Thrush significant indicator species of wetland habitat, and no species were significant indicators of conifer habitats only. For species with significant indicator values for groups of habitats, six were indicators of two habitats, eight were indicators of three habitats, and three species were indicators of four or more habitats (Table 2) .
Results from the individual-based rarefaction analysis showed that tall shrub habitat had the highest estimated species richness (37 species). This was followed by alpine, conifer, short shrub, and wetland sites having similar richness estimates (28 -30 species). Deciduous habitat had the lowest estimated species richness (14 species). However, rarefaction curves in deciduous and wetland habitats did not reach an asymptote, suggesting that sample sizes for these habitats were insufficient to detect maximum species richness (Gotelli and Colwell, 2001 ).
DISCUSSION
Our study is the first systematic investigation of bird communities in the northern Mackenzie Mountains and provides vital baseline information on abundance, richness, distribution, and bird-habitat relationships that can be used for monitoring and conservation purposes. Habitats of the Mackenzie Mountains include forested slopes and valleys, dense shrubs, wetlands, bare talus slopes, and alpine areas resembling Arctic tundra. This structural diversity contributes to the unique and diverse bird communities, with significant differences in community composition between major habitat types. We are unable to compare our results with other studies in similar northern mountainous habitats because of the paucity of bird research in those areas. When compared to southern non-montane boreal forest, bird species in forested habitats in our study are less abundant and bird communities are not as rich in similar habitats at the point-count scale (Machtans and Latour, 2003) . This could be a result of climatic limitations on breeding phenology, lower structural heterogeneity of vegetation, and potentially lower prey abundance (Zhang et al., 2012; Cumming et al., 2014) . In addition, Machtans and Latour (2003) used a point-count radius of only 50 m, in contrast to the unlimited distance point-count radius used in our study, which makes the reduced abundance and richness of birds found in our northern study area even more striking.
Bird communities in treed habitats, including conifer and deciduous forests, and those associated with open-water wetlands showed high overlap in the NMS ordination, presumably as a result of their similar vertical vegetation structure (e.g., trees). Conifer habitats had no significant indicator species associated only with this habitat, but they shared four significant indicator species typical of coniferous forest (Dark-eyed Junco Junco hyemalis, Chipping Sparrow Spizella passerina, Gray Jay Perisoreous canadensis, and Hermit Thrush Catharus guttatus) with wetland sites. This result was expected because upland habitat adjacent to wetlands was dominated by coniferous forests similar to those in the conifer habitat category. Deciduous habitats are scarce in our study area, occurring mostly in small patches in low-elevation river valleys, and they do not exhibit the higher structural heterogeneity of this forest type farther south, which likely results in fewer deciduous-associated bird species on the landscape. Openwater wetlands are not common elements of the study area landscape, but they provide unique and important habitat for some species in this region. Rusty Blackbird, a species listed as of special concern in the Canadian Species at �isk �ct, was the only significant indicator species for wetlands. Some species considered riparian/wetland specialists (e.g., Lesser Yellowlegs Tringa flavipes, Blackpoll Warbler Setophaga striata) were also associated with this habitat type in combination with other habitats. The low number of indicator species for wetland habitats is likely due to the lack of a riparian zone that would attract riparian birds (Morissette et al., 2013) and make wetland habitat different from the conifer category.
Dense, tall shrubs provide important habitats in the Mackenzie Mountains for a rich and unique assemblage of bird species. Sites in the tall shrub category typically consisted of very dense shrub cover with ample vertical structure, which provides habitat for a greater number of species than other habitat types in the study area. Short shrub habitats did not contain a unique bird community with respect to other habitats. Although species richness was similar to that of most other habitat types, it did not contain any species that were significant indicators of this habitat type. The relative ubiquity of bird species in this habitat may occur because it is transitional from alpine tundra to tall shrub habitats; it does not provide either sufficient open graminoid-dominated structure of the former habitat or the dense, vertical structure of the latter. Alpine tundra represents a unique habitat type in our study area that contains elements most similar to Arctic tundra (e.g., grass/sedge dominated) and is typically devoid of woody vertical structure (shrubs and trees). Bird species associated with alpine tundra habitats in our study include species typically found in Arctic tundra habitats (e.g., American Golden-Plover, Lapland Longspur; Poole, 2005) . Alpine habitats may be most at risk from climate change: it is predicted that shrubs and trees will encroach on these graminoid-dominated regions with a warming climate (Myers-Smith et al., 2011; Lantz et al., 2013) potentially influencing bird abundance, phenology, and community structure (McKinnon et al., 2012; Chamberlain et al., 2013) . Several alpine species in our study are declining as a result of climate change or are moderately to highly vulnerable to climate change and its associated effects (NABCI Canada, 2012; Lehikoinen et al., 2014) .
Several bird species observed during our study were not previously known to inhabit this region of the Mackenzie Mountains or are outside published ranges (e.g., Poole, 2005) . These species were typically found in alpine tundra, shrub, and wetland/riverine habitats and included the Redthroated Loon (Gavia stellata), Wandering Tattler (Heteroscelus incanus), Long-tailed Duck (Clangula hyemalis), Rough-legged Hawk (Buteo lagopus), American Dipper (Cinclus mexicanus), Harris's Sparrow (Zonotrichia querula), Smith's Longspur, and Lapland Longspur. Some species previously thought to occur only in Canadian Arctic areas, including both longspur species, also inhabit alpine habitats in Europe , and their range within the Mackenzie Mountains may be widespread wherever appropriate habitat exists. Evidence of breeding (e.g., nests, territorial defence) was found for most of these species, and observations of these species in the study area are likely to represent extensions of previously published breeding ranges. However, one species (Harris's Sparrow) may have been a vagrant, and others (e.g., Rough-legged Hawk) may only occur in low abundance where appropriate habitat exists.
We were unable to account for detection probabilities of birds in our study because we lacked the high number of detections required for removal modeling (Farnsworth et al., 2002) . To reduce the effects of weather, observers, time, and habitat on bird detectability, we surveyed in good weather, had only three skilled observers perform surveys, limited survey times to early mornings, and rotated observers between habitats. Not accounting for detection probabilities can potentially lead to biased results, but adjusting counts to account for detectability may not be particularly effective for small sample sizes (Welsh et al., 2013) .
Knowledge of the basic ecology and habitat relationships of many wildlife species in northern Canada, including the Mackenzie Mountains, is extremely limited. Such information is important in providing an understanding of how wildlife species and communities inhabiting these areas will respond to climate change and to increased anthropogenic pressures such as mineral development, and it provides a potential opportunity to plan conservation of biologically important habitats. Although this region is generally considered to have low species richness, we found that the bird diversity of the study area was comparatively high because of its diversity of habitats. Further studies with greater spatial coverage and longer-term datasets are required to determine range extents and trends of montane birds and the abiotic, biotic (e.g., micro-habitat), and anthropogenic factors that influence bird abundance and community structure in the Mackenzie Mountains.
